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Dynamic stall simulation of wind turbine airfoils
Abstract
Based on the Beddoes-Leishman (B-L) semi-empirical dynamic stall model, the dynamic stall characteristics
of wind turbine airfoils were studied through the analysis of attached flows, separated flows and dynamic
vortices. According to the operating conditions of wind turbine airfoils, the method for evaluating dynamic
stall coefficients associated with the separated flows and dynamic vortices in the B-L model was amended. The
amended model was also extended to produce transient aerodynamic force coefficients over the entire range
of possible angles of attack. The lift, drag and pitch moment coefficients of wind turbine airfoils S809 and
NACA 4415 during dynamic stall were calculated. The simulation results showed good agreement with
experimental data. Compared with the original B-L model, the present model shows considerable
improvements in accuracy when predicting the transient aerodynamic force coefficients and is capable of
producing better dynamic stall estimations.
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摘  要：基于 Beddoes-Leishman (B-L) 半经验动态失速模型，从附着流、分离流和动态涡三个方面阐述了风力机
翼型在动态失速情况下非定常气动力系数的计算方法。在此基础上根据风力机翼型工作时的实际特点对原 B-L 模
型中分离流和动态涡气动力系数的计算进行了改进，并将模型扩充到适用于全范围攻角的动态失速计算。利用所
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Abstract:  Based on the Beddoes-Leishman (B-L) semi-empirical dynamic stall model, the method of 
calculating the dynamic stall characteristics of wind turbine airfoils is studied through the analysis of attached 
flow, separated flow and dynamic vortex. According to the operating conditions of wind turbine airfoils, the 
method of calculating the force coefficients related to the separated flow and dynamic vortex in the B-L model is 
amended. The model is also extended to be capable of producing transient aerodynamic force coefficients over the 
entire range of possible angles of attack. Using the developed simulation code, the lift, drag and pitch moment 
coefficients of wind turbine airfoils S809 and NACA 4415 during dynamic stall are calculated. The simulation 
results show good agreement with the experimental data. Compared to the original B-L model, the present model 
shows considerable improvements in the transient aerodynamic force coefficients prediction accuracy and is 
capable of producing better dynamic stall estimations. 

























值得到动态气动力系数。Tran 和 Petot 于 1981 年提
出了 ONERA 模型，该模型采用三阶微分方程描述






















1  B-L 模型及其改进 







是以升力 CL 和阻力 CD 的方式提供(下面分别以上









图 1  翼型的两种坐标系统 











          (1) 
下面将分别从附着流、分离流和动态涡三个方
面来描述 B-L 模型。 













N N NC C C               (2) 
切向力可以用如下公式得到[11]： 
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1.2  分离流 
1.2.1  前缘分离 
确定并表示出前缘发生分离的条件对模拟动
态失速非常重要。分析静态的翼型实验数据，可得


































         (6) 
式中，0 为 CN = 0 时的攻角。 
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T NC C f       (7b) 
式中，f 是与攻角有关的分离点位置，在翼型表面
可以用 f = x / c (f = 0 时完全分离，f = 1 时为完全吸
附)来表示，其中 x 是分离点到前缘的距离，c 是弦
长，如图 2 所示[14]： 
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图 2  Kirchhoff 流中平板分离流的后缘分离点位置 
Fig.2  The trailing edge separation point f defined in the 
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2 sign( )stN N Nf t t           (9a) 


















            
















           
图 3 为 S809 翼型在雷诺数为 1.0 × 106 时通过
改进后的公式计算得到的法向和切向分离点，图中
同时给出了原 B-L 模型采用的分离点拟合曲线。可































图 3  S809 翼型在雷诺数为 1.0 × 106时的静态分离点 
Fig.3  Static separation point of S809 airfoil at Re = 1.0 × 106 






















图 4  S809 翼型通过分离点反求得到的气动力 
Fig.4  Reproduced aerodynamic forces using separation point 
location of S809 
图 4 则显示了通过原 B-L 模型采用的分离点拟
合曲线和本文的分离点计算方法分别反求得到的
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图 5  S809 翼型的动态分离点， 
 = 14 + 10sin(t), k = 0.1, M = 0.08 
Fig.5  The transient separation point of S809 airfoil 
 ( = 14 + 10sin(t), k = 0.1, M = 0.08) 
图 5 显示了 S809 翼型在作正弦规律俯仰运动
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中心与 1/4 弦长处的距离可用经验公式表示如下： 





      
      (15) 
其中v是无量纲时间参数(v = 0 时动态失速涡













荐值[11,20]( TP、Tf、T、Tv、Tvl 的推荐值分别为 1.7, 
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dy f v
T T TC C C            (19) 
dy I f v
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2  模型扩展 
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    (26) 
这里，为当前的攻角，m 为修改后用于计算
的攻角。 
3  算例 
基于改进的 B-L 模型，编写出计算程序，对风






荡，即 = mean + ampsin(t)。 



























































图 6  S809 翼型的动态气动力仿真结果与实验数据的对比， = 14 + 10sin(t), k = 0.1, M = 0.08 
Fig.6  Transient aerodynamic forces of S809 airfoil,  = 14 + 10sin(t), k = 0.1, M = 0.08 





































图 7  S809 翼型的动态气动力仿真结果与实验数据的对比， = 20 + 10sin(t), k = 0.078, M = 0.1 








总的来说，改进 B-L 模型较原 B-L 模型更好地
反映了动态失速过程中气动力的变化趋势，且随着
衰减频率的不断减小，振荡角速度越来越小而趋于










































图 8  NACA4415 翼型的动态气动力仿真结果与实验数据的对比， = 14 + 10sin(t), k = 0.028, M = 0.08 
Fig.8  Transient aerodynamic forces of NACA4415 airfoil,  = 14 + 10sin(t), k = 0.028, M = 0.08 


































图 9  NACA4415 翼型的动态气动力仿真结果与实验数据的对比， = 20 + 10sin(t), k = 0.03, M = 0.09 
Fig.9  Transient aerodynamic forces of NACA4415 airfoil,  = 20 + 10sin(t), k = 0.03, M = 0.09 







































图 10  S809 翼型的动态与静态气动力数据对比，动态数据来自 k = 0.078, M = 0.1 
Fig.10  Transient (k = 0.078, M = 0.1) and static aerodynamic forces of S809 airfoil 
扩展后的模型可以在全攻角范围内仿真翼型
的动态气动特性，图 10 显示了 S809 翼型在 k = 







4  结论 
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